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Abstract: Research of impulse radio ultra-wideband (IR-UWB) systems has been extensively increasing in recent years due to their high power efficiency, high data rates 
and low hardware complexity. The choice of the modulation scheme used in an IR-UWB system has a great impact on its overall performances. In this paper, the 
biorthogonal pulse position modulation (BPPM) scheme for the application in transmitted reference (TR) IR-UWB communication systems is proposed. Performances of 
the BPPM scheme over two different IEEE 805.15.3a channel models in a multi-user environment are analysed and compared to the performances of the pulse position 
modulation (PPM) scheme. The results show that the BPPM scheme outperforms the PPM scheme in terms of bit error rate (BER), data rate and hardware complexity. 
Additionally, the influence of different system parameters on the BPPM performances in TR IR-UWB systems is analysed and possible trade-offs are proposed. 
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1 INTRODUCTION   
 
Trends in modern communication systems place high 
demands on low power consumption, low hardware 
complexity, high data rate and high anti-interference 
characteristics. Therefore, impulse radio ultra-wideband 
(IR-UWB) systems have recently gained increased 
popularity. Since the information in IR-UWB systems is 
transmitted with short pulses (< 2 ns), signal energy has 
been spread over the frequency band of up to 10 GHz [1]. 
Many modulation schemes for the application in IR-UWB 
systems are proposed, like pulse amplitude modulation 
(PAM) [2], pulse position modulation (PPM) [3,4], pulse 
shape modulation (PSM) [5], on-off-keying (OOK) [6], 
binary phase-shift keying (BPSK) [7,8], pulse interval 
modulation (PIM) [9], etc. 
Due to the large number of multipath components in 
IR-UWB channels [10], in coherent IR-UWB systems, a 
complex RAKE receiver is required for collecting of 
signal energy for proper demodulation. In IR-UWB 
systems the pulses are distorted during the transmission 
over the channel and at the receiver the template signal 
used for the proper detection should have the same shape 
as the distorted received signal [11], so accurate channel 
estimation should be performed. Due to this channel 
estimation process, the usage of the RAKE receiver 
significantly increases the hardware complexity. This led 
to the proposition of the transmitted reference (TR) IR-
UWB systems [12]. 
In TR IR-UWB systems the symbol frame consists of 
two pulses – the reference one followed by the data one. 
Both of them experience the same channel conditions. 
Thus the delayed reference pulse is used as the template 
signal for the proper detection of appropriate information 
contained in data pulse. So, there is no need for channel 
estimation at the receiver. In TR systems the correlation 
between received data pulse and delayed received 
reference pulse is calculated over a proper time interval. 
Due to the large number of multipath components [10], 
the integration time interval is a significant parameter 
since it determines the amount of collected signal energy 
contained in different multipath components which arrive 
to the receiver. In TR IR-UWB symbol frame, the 
separation time, Td, between the reference pulse and the 
data pulse should be less than the channel coherence time, 
in order that both pulses experience the same channel 
conditions. On the other hand, to avoid inter-pulse 
interference (IPI), Td should be equal or larger than 
channel delay spread, Tmds. This is a disadvantage of TR 
IR-UWB systems because this requirement reduces the 
data rate. However, in [13, 14] authors presented different 
methods to resolve this problem and to increase the data 
rate of such systems. 
Most of the current researches of TR IR-UWB 
systems are based on binary modulation schemes like 
BPSK [15] and binary PPM [16]. To increase the 
bandwidth efficiency of such systems, authors presented 
M-ary PPM in [17]. In this paper, M-ary biorthogonal 
pulse position modulation (BPPM) for the TR IR-UWB 
systems is proposed. Although the BPPM scheme for 
ordinary coherent IR-UWB systems was presented in 
[18], the BPPM scheme for the application in TR IR-
UWB systems has not been analyzed yet. In this paper we 
performed this analysis and showed that the proposed 
BPPM scheme has better performances (lower bit error 
rate (BER) and higher data rate) and lower hardware 
complexity than the M-ary PPM scheme when using in 
TR IR-UWB systems. 
The paper is organized as follows. In Section 2 the 
TR IR-UWB BPPM system model is described, while in 
Section 3 the system performance analysis is made. 
Numerical results are presented in Section 4, whereas 
concluding remarks are given in Section 5. 
 
2 TR IR-UWB BPPM SYSTEM MODEL 
2.1 Transmitted Signal 
  
In the M-ary BPPM scheme a signal set is formed 
using 2k orthogonal PPM signals and their respective 
antipodal versions, which then form an overall set of 
M=2k+1 possible signals. Parameter k represents the 
number of bits per symbol in the PPM scheme. If the 
multi-user system is considered, the vth user transmitted 
M-ary BPPM TR IR-UWB signal is given by 
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where j is a frame index, Ep is symbol energy, Nu is the 
number of users, p(v)(t) is the vth user pulse waveform with 
pulse width Tp and unit energy ( )2( ) ( )d 1.vp t t∞−∞ =∫  Tf is a 
frame duration which determines the symbol duration as 
TS=NSTf, where NS is the number of frames used to 
transmit a single symbol. cj(v) is the vth user pulse shift 
pattern, also called time hopping (TH) sequence, which is 
a pseudorandom variable and can take any integer value 
from the range [ ]1,0 )( −vhN . The separation time between 
the reference pulse and the data pulse for the vth user in 
multi-user environment is defined as 
 
( ) ( 1)v mds pdT T v T= + − ,                                                    (2) 
 
while the number of chips within one frame for the vth 
user (vth user’s maximum TH value) is defined as 
 














∈ −  are 
determined with the information sent by the vth source and 
represent the position and amplitude level of data pulse in 
M–ary BPPM symbol, respectively. Tc is the chip duration 
time and it is equal to Tp, while Λ is a time shift parameter 
and it should be at least equal to Tmds in order to avoid IPI. 
 
2.2 UWB Channel Model 
  
In this work a discrete channel model proposed in 
[19] is used, in which the time axis is divided into discrete 
time bins with duration Δ = 0,167 ns. In this model in any 
time bin, one or more multipath components can arrive 
due to the cluster overlapping. Then the channel gain 
coefficients of all multipath components arrived within 
one time bin are summed to yield an overall channel gain 
coefficient for that bin. The channel impulse response for 
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where Lt is the total number of available multipath 
components and αl(v) represents the sum of channel gain 
coefficients of all multipath components arrived in lth time 
bin. δ(t) is the Dirac delta function, while Δ is chosen to 
be much less than the channel delay spread, so that the   
{ } tLlvl 1)( =α  related to different time bins can be considered to 
be uncorrelated. In order to avoid the pulse distortion due 
to the partial pulse overlapping, the pulse width Tp is set 
to 0,167 ns, as in [13, 19, 20]. 
 
2.3 TR receiver 
  
Without loss of generality, it can be assumed that the 
first user is desired user, while the signals of all other 
users are assumed to cause the interference at the receiver 
(multi-user interference (MUI)). After transmission 
through the channel, the received signal that corresponds 
to the zth symbol of the first user can be written as 
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while n(t) is the filtered additive white Gaussian noise 
(AWGN) with power spectral density of N0/2. τv is the 
time offset between the first user and the v-th user (the 
time asynchronism between the clocks of transmitter v 
and the receiver), while )()()( )()()( thtptg vvv ⊗=  is the 
received pulse waveform of the vth user, where ⊗  denotes 
convolution. 
 Assuming perfect synchronization between 
transmitter and receiver of the first user, i.e. τ1 = 0, the 
time offset τv(v≠1) can be modeled as a random variable 
uniformly distributed over the interval [0, Tf], [15]. In 
order to avoid inter-frame interference, all possible 
symbols have to be comprised within one frame and thus 
the frame time Tf has to be large enough. Therefore the 
similar assumption, but approximately double decreased, 
as in [17] is adopted: 
 
{ }( ) ( )max v vf ch dT N T T MΛ≥ + + .                                    (7) 
 
 TR IR-UWB BPPM receiver is shown in Fig. 1. For 
all possible modulation slots, the correlation between the 
reference signal and the signal of corresponding 
modulation slot is calculated, producing M/2 correlation 
outputs (C0,z,…CM/2-1,z). After that, based on the largest 
absolute value of the correlation outputs and the sign of 
this value, the detector decides which combination of 
possible positions and amplitudes has been transmitted. 
 
 
Figure 1 TR BPPM receiver 
 
For the first user, the correlation output for the zth 
symbol in mth slot can be written as: 
 
Mario VRANJEŠ et al.: Biorthogonal PPM for Transmitted Reference IR-UWB Communication Systems 





( ) ( )d ,
z Ns
m z d
j zN Ts I m
C r t r t T m tΛ
+ −
=
= − −∑ ∫                      (8)                    





,I m f j cd
f j c corrd
T jT T c T m
jT T c T m T
Λ
Λ
= + + +
+ + + + 
                                   (9)                    
 
is the integration time interval of the mth slot. Tcorr is 
assumed to be an integer multiple of the pulse width, 
denoted by LpTp, where { }tp LL ,...2,1∈ . 
 
3 PERFORMANCE ANALYSIS 
  
Without loss of generality, it can be assumed that 
BPPM symbol with data pulse positioned in the first 
modulation slot ( 0)1( =zd ) with amplitude value 1 ( 1)1( =zb ) 
is sent. Correlation outputs for the given conditions are 
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where εp is the desired signal. Nm,1, Nm,2, Im,1, Im,2 and Im,3 
are signal-times-noise, noise-times-noise, MUI-times-
signal, MUI-times-noise and MUI-times-MUI term, 
respectively. In this work an assumption from [15, 17] is 
adopted, where all of them are modeled as zero mean 
Gaussian random variables. 
Using the similar notation as in [14], desired signal 
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Note that εp is 
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The mean value of desired signal is 
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where ( )2(1)lE α  is the mean value of energy of the lth 
multipath component given by [19, Eq. (17)], and E(*) 
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By combining (14) and (5), Nm,1 can be rewritten as 
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Due to the fact that Nm,1 is zero mean random variable, 
the second order moment of Nm,1,j,A is given by 
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The first and the third integral in (17) always take 
the value zero because . Note that  
will take a nonzero value only for m = 0. In this case, 
the second integral from (17) takes a nonzero value due 
to the fact that the desired signal will be within the 
integration time interval, while for  the 
integration time interval will not comprise the desired 
signal. In a similar way the second order moment of 
BjmN ,,1,  can be expressed as 
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In (18), the first integral takes a nonzero value for all 
values of m, while the second integral will be zero 
when 
(1)
corr dT T< . It is also easy to show that the 
crosscorrelation term ,1, , ,1, ,( )m j A m j BE N N  is zero for
mdsd TT ≥
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(1)
corr dT T< . From (17) and (18) the variance 
2 2
,1 ,1, , ,1, ,var( ) ( ) ( )m m j A m j BN E N E N= +  can be derived as 
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 Noise-times-noise term, Nm,2, is assumed to be a 
Gaussian distributed random variable with zero mean and 
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where W is a receiver front-end filter bandwidth. 
Before evaluation of the second order moments of MUI 
terms, the properties of the pulse crosscorrelation 
function are analyzed. The pulse duration is chosen to 
be Tp = 0,167 ns in order to avoid IPI caused by 
multipath components’ delays. In that case the 
crosscorrelation function defined as 
 will be equal to 1 only when |m–
n|=0, while in all other cases it will be zero. MUI-
times-signal term, Im,1, will occur when either the 
reference or the data pulse of an undesired user falls 
into integration time interval TI,m of the desired first 






,1, , ,1, ,
( ) ( ) ( ) ( )  dm d d
TI m
z Ns
m j A m j B
j zNs





 = − − + − − = 





Due to the assumption that τv is modeled as a random 
variable, uniformly distributed over interval [0,Tf], it 
can be easily found that the current and the previous 
frame of an undesired user can affect the jth frame of 












( ) ( ) ( ) (1)( )
,0/ /
(1) ( )( )
,0 1 ( 1)/
( )( )
,1 (





T m TcorrN du





j d dj N j Ns s
vv
f j d j Ns
vv
f j d j
I E g t g t T
g t T m
b g t T d T m
g t T T m b











= + − ×
× − − − +
+ − − − − − +
+ + − − − + ×
× + − − −
∑ ∫
[ ] )( ) (1)1)/ ) dv dNs T m tΛ Λ − − 
   (22) 
 
where . Note that, due to the 
fact that , all integrals where the integrand is 
the reference pulse times the interference pulse will be 
zero. Thus the term (22) can be rewritten as 
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Note that in (23) only the first and the fourth addend 
take a nonzero value for m = 0, while for m ≠ 0 all 
addends take the zero value. After averaging over all 
possible TH codes, symbols and τv, the second order 
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Im,2,j,A can be written as 
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By using the techniques described above, the variance of 
Im,3 can be obtained as 
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As it is shown in Fig. 1, after demodulation the 
detector processes M/2 correlator outputs 
( ){ }, , 0 ( / 2) 1m zC m M≤ ≤ −  and selects the correlator 
output with the largest absolute value |Cm,z|. Then the 
sign of this magnitude Cm,z is used to decide which of 
the two possible amplitudes has been transmitted. 
Using the techniques described in [21], the probability 
of the correct decision at the receiver when the symbol 
with  and  is sent, is equal to 
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where p(C0,z) is the probability density function (PDF) 
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and vartot,m is the sum of all variances at the mth correlator. 
Finally, the probability of symbol error can be calculated 
as 
 
                          (35)  
4 RESULTS AND DISCUSSION 
  
 In this section, the numerical results obtained using 
the expressions from previous sections are presented. 
System performances are examined when two different 
channel models, CM1 and CM2 [10], are used. CM1 
describes a line of sight (LOS) scenario when the distance 
between transmitter and receiver is less than 4 m, while 
CM2 describes the non-line of sight (NLOS) scenario for 
the same distance between transmitter and receiver. 
According to [19], Tmds is about 32 ns for both channel 
models used in this examination. The assumption from 
[13,19] is adopted, where the pulse width Tp is chosen to 
be 0.167 ns, in order to avoid IPI caused by channel 
distortion. Front-end filter bandwidth at the receiver, W, is 






Figure 2 SER versus integration time interval duration, Tcorr, for M-ary TR 
BPPM system, when Eb/N0 = 15 dB, Ns = 1, Nh(1) = 10 and Nu = 10  (a) in 
CM1 (b) in CM2. 
 
In Figs. 2 (a) and (b) the influence of the integration 
time interval duration, Tcorr, on symbol error rate (SER) 
performances of M-ary TR BPPM system (for M = 4, 8, 
16, 32) when CM1 and CM2 are used, is presented, 
respectively. Without loss of generality, for both channel 
models the value of Eb/N0 is fixed to 15 dB, where 
Eb=Ep/log2M is bit energy. The first user is assumed to be 
a desired user, while the total number of users, Nu, is set 
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durations are found to be 8.5, 10.2, 10.3 and 11.9 ns for M 
= 4, 8, 16 and 32, respectively. When CM2 is used, these 
optimal integration time interval durations are 16.9, 17.0, 
18.4 and 18.5 ns for M = 4, 8, 16 and 32, respectively. In 
CM2 signal energy is dispersed on more multipath 
components than in CM1, due to NLOS scenario. The 
amplitudes of the components that arrive at the receiver 
are generally lower and additionally the components 
delay is higher in CM2. Thus, for all values of M the 
optimal integration time interval duration required for 
achieving the best SER performances is higher in CM2. 
On the other hand, with the increasing of integration 
time interval duration, the noise-time-noise component 
defined with (20) takes a higher value and thus the 
optimal integration time interval duration is obtained as a 
trade-off between the collected energy of desired signal 
and collected noise. When the integration time interval 
duration is larger than its optimal value, the amount of 
additionally collected noise becomes higher than the 
amount of desired signal in this part of time, and 
consequently SER performances decrease. 
 Figs. 3 (a) and (b) present SER performances of M-
ary TR BPPM (M = 4, 8, 16, 32) in a multi-user 
environment for optimal Tcorr obtained from Figs. 2(a) and 







Figure 3 SER versus Eb/N0 for different modulation levels, M, when Ns = 1, 
Nh(1) = 10 and Nu = 10 (a) in CM1 (b) in CM2 
 
When modulation level increases, the SER 
performances significantly rise, what is the characteristic 
of the multi-level orthogonal modulation scheme. In order 
to collect the equal amount of desired signal energy in 
CM2 as in CM1, larger integration time interval duration 
is required in CM2 than in CM1 (due to larger channel 
delay spread). Thus for equal amount of collected desired 
signal energy, more noise is captured in CM2 and 
consequently SER performances are quite lower than in 
CM1. 
 Figure 4. shows how the number of frames, NS, 
influences SER performances for different modulation 
levels (M = 4, 8) in CM1. In general, when NS increases, 
SER performances rise. On the other hand, e.g. to achieve 
SER of 10−4 for M = 8 when NS = 4, it is needed about 3 
dB less Eb/N0 than for NS = 2. This gain is at the cost of 
the data rate, since due to more frames per symbol the 
symbol duration is increased. Similar relation between NS 
and SER performances is obtained for CM2 and thus 
these results are not particularly presented. 
 
 
Figure 4 SER versus Eb/N0 for different number of frames, Ns, when Nu=10 
and Nh(1) = Nu in CM1 
 
The performances of the proposed BPPM scheme are 
compared to these of the PPM scheme for the fixed bit 
rate and two different modulation levels. The results are 
presented in Fig. 5. It can be seen that the BPPM scheme 
slightly outperforms the PPM scheme in terms of SER for 
the whole considered range of Eb/N0. This can be 
explained by the fact that the probability of the correct 
decision at the receiver is higher for the BPPM scheme 
than for the PPM scheme due to half a number of 
correlators. This leads to a lower possibility of missing 
the correct correlator output for the BPPM scheme. 
Consequently, the probability of the symbol error is lower 
for the BPPM scheme than for the PPM scheme. 
The influence of the number of users on SER 
performances for the proposed BPPM scheme with 
different modulation levels is presented in Fig. 6. Clearly, 
as the number of users rises, the SER performances 
decrease for the same modulation level due to an increase 
in MUI. 
For the maximum considered number of users (Nu = 
50), the achieved SER for M = 4, 8, 16 and 32 is 0.18, 
0.12, 0.08 and 0.04, respectively. On the other hand, the 
system complexity is increased when M is higher. Thus, 
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depending on required number of users, the trade-off 
between the SER performances and system complexity 
should be done. 
 
 
Figure 5 SER versus Eb/N0 for fixed bit rate (1 Mbps) and different 
modulation levels for BPPM and PPM schemes in CM1, when Ns = 1, Nu = 10, 
Nh(1) = Nu 
 
 
Figure 6 Influence of number of users, Nu, on SER performances for fixed bit 




 In this paper the BPPM scheme for the application in 
TR IR-UWB systems is proposed. The SER performances 
of the proposed scheme have been analyzed over 
805.15.3.a CM1 and CM2 in multi-user environment. It is 
shown that the BPPM scheme slightly outperforms the 
PPM scheme in terms of SER for the same modulation 
level, whereas the BPPM receiver hardware complexity is 
significantly reduced (i.e. the number of correlators in the 
BPPM receiver is half a number of correlators in the PPM 
receiver). Due to a lower number of modulation slots in 
the BPPM scheme, the symbol duration is shorter than in 
the PPM scheme and thus the achievable data rate for the 
same modulation level is higher for the BPPM scheme. 
These properties of the BPPM scheme make it very 
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